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Objective: Connexin (Cx) 43 hemichannels play a role in mechanotransduction. This study was under-
taken in order to determine if Cx43 hemichannels were activated in rat temporomandibular joint (TMJ)
chondrocytes under mechanical stimulation.
Methods: SpragueeDawley rats were stimulated dental-mechanically. Cx43 expression in rat TMJ
cartilage was determined with immunohistochemistry and real-time PCR, and Cx43 hemichannel
opening was evaluated by the extra- and intracellular levels of prostaglandin E2 (PGE2). Both primary rat
chondrocytes and ATDC5 cells were treated with ﬂuid ﬂow shear stress (FFSS) to induce hemichannel
opening. The Cx43 expression level was then determined by real-time PCR or Western blotting, and the
extent of Cx43 hemichannel opening was evaluated by measuring both PGE2 release and cellular dye
uptake.
Results: Cx43 expression and intra- and extracellular PGE2 levels were increased in mechanically-
stimulated rat TMJ cartilage compared to the unstimulated control. The FFSS treatment increased
Cx43 expression and induced Cx43 hemichannel opening in primary rat chondrocytes and ATDC5 cells
indicated by enhanced PGE2 release and dye uptake. Furthermore, the Cx43 hemichannel opening could
be blocked by the addition of 18b-glycyrrhetinic acid, a Cx channel inhibitor, Cx43-targeting siRNA, or by
withdrawal of FFSS stimulation. The migration of cytosolic Cx43 protein to the plasma membrane in
ATDC5 cells was still signiﬁcant after 8 h post 2-h FFSS treatment, and the Cx43 protein level was still
high at 48 h, which returned to control levels at 72 h after treatment.
Conclusion: Cx43 hemichannels are activated and mediate small molecule exchange between TMJ
chondrocytes and matrix under mechanical stimulation.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Mechanical loading generates signals in articular chondrocytes,
which trigger a cascade effect of anabolic and catabolic activities1e
3. Normal biomechanical stimulation promotes bone physiologicalM. Wang, Department of Oral
logy, Fourth Military Medical
el: 86-29-84776144; Fax: 86-
007@aliyun.com (M.Q.Wang).
ternational. Published by Elsevier Lremodeling that ensures a balance between the synthesis and
degradation of the matrix. Alternatively, abnormal, pathological
loading disturbs this homeostasis and thus affects the functional
integrity of the cartilage, for example, to increase the probability of
cartilage degeneration and the development of osteoarthritis (OA)4.
Behets et al.5 reported that in canines with acute anterior cruciate
ligament deﬁciency, cartilage loss was located predominantly at the
medial tibial plateau, which generally bears more load than the
lateral side.
The hemichannel is composed of six connexin (Cx) molecules
that are localized at the cell surface and independent of physical
contact with adjacent cells6. One protein capable formingtd. All rights reserved.
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and chondrocytes12e16. Cx43 hemichannels have been reported to
bemechano-sensitive in osteocytes andosteoblasts, and display low
substrate selectivity, permitting small molecules with molecular
weight less than 1 kDa to pass through including small metabolites,
ions, and intracellular signaling molecules8e11. Mechanical loading
not only increases Cx43 expression in osteoblasts8,9 and osteocytes
in vitro10,11, but also induces the opening of Cx43 hemichannels in
osteocytes, leading to an increased release of prostaglandin E2
(PGE2) (molecular weight ¼ 352.5 Da) into the bone matrix11.
The mechanotransduction of chondrocytes was suggested to be
mediated by PGE2 release1,17. In a study of cartilage explants,
compression stimulation was shown to increase PGE2 release18. As
PGE2 is a charged anion that diffuses poorly across membrane bi-
layers, a transporter is necessary in order to regulate its travel to the
extracellular space. Although a prostaglandin transporter has been
identiﬁed in rat and bovine cells19e21, this transporter mainly me-
diates the uptake of PGE2 into cells, not its release22. In osteocytes,
the method by which PGE2 is rapidly released in response to me-
chanical loading is suggested to be through Cx43 hemi-
channels11,23. Interestingly, elevated Cx43 expression was reported
in human OA cartilage14. Considering mechanical stimulation has
an important role in OA4, it is likely that PGE2 release in OA cartilage
induced by mechanical stimulation involves Cx43 hemichannels.
PGE2 plays a hormone-like role in mediating the metabolism of
cartilage24e26 and bone27,28 by transmitting signals in an autocrine
and/or paracrine fashion. The synthesis of PGE2 is regulated by
membrane PGE synthase1 (mPGES-1) and cyclooxygenase-2 (COX-
2)29, and, interestingly, increased expression of these enzymes as
well as PGE2 production have been reported in cartilage and
chondrocytes from OA patients30e33. In addition, a mouse model
lacking mPGES1 treated by Freund’s adjuvant injection demon-
strated an attenuation of synovitis, cartilage damage and bone
erosion34. Reductions of prostaglandin synthesis have also been
found to be efﬁcacious in human OA where inhibition of COX by
non-steroidal anti-inﬂammatory drugs is a cornerstone of phar-
macologic therapy35. However, whether Cx43 hemichannels are
involved in mechanically induced PGE2 release from chondrocytes
into cartilage matrix requires clariﬁcation.
Temporomandibular joint (TMJ) OA is the most severe subtype
of temporomandibular disorders (TMD) and is also one of the most
widely spread orofacial afﬂictions36. Recently, we developed a ro-
dentmodel with TMJ OA-like lesions by applying dental mechanical
stimulationwith aberrant prosthesis37e39. Mice exposed to a small-
size diet, indicating that they had a lower level of functional loading
compared to mice with a large-size diet, were associated with a
reduced TMJ degradation induced by the mechanical stimulation
from the designed aberrant prosthesis. With this model and in vitro
experiments, the current study demonstrated a link between the
mechanical stimulation-induced opening of Cx43 hemichannels
and the release of small molecules such as PGE2 from TMJ chon-
drocytes. The data presented in this paper suggest a role for Cx43
hemichannels in the exchange of small molecules in TMJ cartilage
when stimulated in a dental mechanical manner. In consideration
of the catabolic role of PGE2 in cartilage reported in the literature24e
26, the current results support the etiological effect of aberrant
mechanical stimulation on TMJ OA.
Materials and methods
Animals and mechanical stimulation
Thirty-six, 6-week-old female SpragueeDawley rats (weight
140 w 160 g) were provided by the Animal Center of Fourth Mili-
tary Medical University. All procedures and the care administeredto the animals were approved by the University Ethics Committee
and performed according to institutional guidelines. The rats were
randomly assigned to two control and two experimental groups
with nine rats per group. For experimental groups, the aberrant
prosthesis was applied as described previously38. Brieﬂy, a section
of a metal tube cutting down from a pinhead (Shinva Ande,
Shangdong, China; length ¼ 2.5 mm, inside diameter ¼ 3 mm) was
adhered to the left maxillary incisor and a curved section of a metal
tube (length ¼ 4.5 mm, inside diameter ¼ 3.5 mm) was adhered to
the left mandibular incisor. At the end of the tube adhered to the
mandibular incisor, a 135 angle leaned to the labial side was per-
formed in order to create a cross-bite relationship between the left
incisors. In the control groups, rats received the same procedure,
but no metal tube was adhered. The metal tube was tightened
during the entire experimental period. All of the rats received the
same standardized diet throughout the procedure.
Sample preparation
Animals were sacriﬁced at 2- and 8-week after the dental
operation. Because no differences in degrading changes were found
between the left- and right-side TMJs in the experimental mice in
our previous report37e39, the right-side TMJ cartilage tissues of nine
rats in each groupwere removed and preserved at70C for mRNA
extraction. The left-side TMJ tissue from ﬁve rats in each group
were removed and embedded in parafﬁn. Sections of 5-mm-thick
were prepared and used for hematoxylineeosin (HE) and immu-
nohistochemical staining. The left-side TMJ cartilage tissues of the
other four rats in each group were used to isolate chondrocytes for
ex vivo experiments.
HE and immunohistochemistry staining
The central sagittal sections of each joint stained with HE were
imaged with a Leica DFC490 system (Solms, Hessen, Germany). A
standard, three-step, avidinebiotin complex staining procedure as
previously described38 was performed using Cx43-antibody (dilu-
tion 1:400, Sigma, St. Louis, MO, USA) to detect changes in Cx43-
positive cell numbers. In negative controls, non-immune serum
was used instead of primary antibody. To ensure that the results
were comparable amongst the various groups, the central sections
of each joint were chosen and the samples in experimental and
age-matched control groups were stained at the same time. The
number of Cx43-positive cells and total cells were measured at the
center third of the TMJ cartilage [Fig. 1(A)]. The percentage of Cx43-
positive cells to the total cells was calculated and the mean of the
percentage of positive cells in each group was used for further
statistical analysis.
RNA extraction and real-time PCR assay
In each subgroup of in vivo experiments, three out of nine TMJs
were pooled to create a single sample and three independent
pooled samples in each of the experimental or control groups were
prepared for statistical analysis. RNA was isolated by Trizol (Invi-
trogen, Carlsbad, CA, USA), and puriﬁed with the RNeasy Mini Kit
(Qiagen, Valencia, CA, USA). Gene expression was analyzed using
the Applied Biosystems 7500 Real-time PCR machine and the
primer sequences used are listed in Supplemental Tables 1 and 2
Primary rat chondrocytes isolation and culture
Primary rat chondrocyteswere isolatedasdescribedpreviously40.
In brief, chondrocyteswere isolated from the condylar cartilage of 3-
week-old female rat TMJs by digestion with 0.25% trypsin (Hyclone,
Fig. 1. Histomorphology images of rat TMJ cartilage stained with hematoxylin and eosin (HE). A, An example of a sagittal central section of rat TMJ shows the center third of TMJ
cartilage used to calculate the percentage of Cx43-positive chondrocytes. B, Cells are organized as four layers in rat TMJ cartilage as indicated. C, The representative sagittal central
sections of TMJ shows the OAelike lesion, typically as a cell-free area, in 2-, and 8-week experimental groups. 2W, 2-week group; 8W, 8-week group; Con, control group; Exp,
experimental group.
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collagenase (Invitrogen) for 2 h. Chondrocytes were resuspended in
Dulbecco’s modiﬁed Eagle’s medium (DMEM, Hyclone) containing
10% fetal bovine serum (Hyclone) and then cultured in a fully hu-
midiﬁed atmosphere with 5% CO2 at 37C for 3 days before use.
SiRNA transfection
ATDC5 cells were seeded at a density of 5  103/cm2 in DMEM-
F12 medium (Hyclone) and transfected the following day using
Lipofectamine 2000 (Invitrogen). The Cx43-targeting siRNA and
negative control siRNA (GenePharma, Shanghai, China) were used
at a ﬁnal concentration of 50 nM. Six hours after transfection the
culture medium was changed. Cells were used after 24 h for real-
time PCR assay, and 72 h for Western blotting or ﬂuid ﬂow shear
stress (FFSS) experiments.
Cell shear stress induced by ﬂuid ﬂow
Primary rat chondrocytes and ATDC5 cells were subjected to
FFSS treatment. The experiments were performed using Flexcell
Streamer system (Flexcell, Hillsborough, NC, USA). Cells were
cultured on the glass slides coated with collagen I (Flexcell) for 48 h
before being exposed to steady laminar ﬂow for 10 min or 2 h at
intensities of 8, 16 or 24 dyn/cm2.
Dye uptake assay
To verify that hemichannels were induced to open in response
to FFSS stimulation, we conducted dye uptake experiments
following the methods used for osteocytes11. Primary rat chon-
drocytes or ATDC5 cells were stimulated with shear stress at
16 dyn/cm2 for 10 min and then incubated for 0 or 8 h. Before the
shear stress stimulation, ATDC5 cells were transfected with Cx43
siRNA or negative control siRNA. During the shear stress treatment
primary rat chondrocytes were exposed in the absence or presence
of 100 mM 18 b-glycyrrhetinic acid (18b-GA, Sigma), an inhibitor of
Cx channels. After stimulation and incubation, dye uptake experi-
ments were conducted for 5 min, in the presence of Ca2þ-free
medium (Hyclone), 0.4% Lucifer yellow (LY, molecular
weight ¼ 547 Da, Sigma), and 0.4% rhodamine dextran (RD, mo-
lecular weight ¼ 10 kDa, Sigma). LY (Excitation
wavelength¼ 425 nm, Emissionwavelength¼ 515 nm)was used as
a tracer for Cx43 hemichannel activity, and RD (Excitationwavelength ¼ 540 nm, Emission wavelength ¼ 625 nm) was used
as a negative control because its molecular mass is 10kD, which is
too large to pass through the Cx43 hemichannels. After the dye
uptake experiments, cells were washed with medium containing
1.8 mM Ca2þ to close the hemichannels, ﬁxed with 1% para-
formaldehyde and incubated with 4’,6-diamidino-2-phenylindole
(DAPI) for 3 min at room temperature. Similar ﬁelds were observed
under the ﬂuorescence microscope (Olympus, Tokyo, Japan), and
dye uptake was presented as a percentage of LY ﬂuorescence cells.Quantiﬁcation of PGE2
For the ex vivo study, chondrocytes were isolated from rat TMJ
cartilage with and without dental mechanical stimulation and
cultured for 72 h. The conditioned medium was collected, and the
extracellular PGE2 released into the mediumwas measured using a
PGE2 EIA kit (Cayman, Ann Arbor, MI, USA) according to the man-
ufacturer’s instructions. The cultured chondrocytes were thor-
oughly washed three times with PBS and lysed to measure
intracellular PGE2.
For the in vitro study, primary rat chondrocytes and ATDC5 cells
were stimulated with shear stress at 16 dyn/cm2 for 2 h. The me-
dium was collected immediately after stress stimulation for extra-
cellular PGE2 measurement, whereas intracellular PGE2 was
detected after the cells were thoroughly washed and lysed.Confocal microscopic observation
Primary rat chondrocytes and ATDC5 cells were treatedwith 2-h
FFSS at 16 dyn/cm2 and then immediately ﬁxed by 4% para-
formaldehyde. In addition, another set of ATDC5 cells were incu-
bated for 8, 48 or 72 h post-FFSS and then ﬁxed in order to observe
cell responses during recovery. Both types of the cells were incu-
bated overnight with the Cx43-antibody (dilution 1:500, Sigma) at
4C, and with CY3-conjugated antibody (dilution 1:1,000, Invi-
trogen) for 1 h, and, lastly, with DAPI for 3 min at room tempera-
ture. Samples were observed under a confocal microscopic system
(Olympus, Tokyo, Japan). The integral optical density (IOD) of Cx43
ﬂuorescence (Excitation wavelength ¼ 553 nm, Emission
wavelength ¼ 565 nm) was measured with Image Pro Plus 6.0
(Olympus) and the results were represented as the ratio of the IOD
of FFSS groups to the IOD of control groups.
Fig. 2. The comparison of Cx43 expression levels in the rat TMJ cartilage between groups exposed to dental mechanical stimulation (Exp) and controls (Con). A, Immunohisto-
chemical staining of Cx43. Both lower and higher magniﬁcation images are provided to better exhibit the layers of the joint cartilage and the plasma membrane and cytoplasm
localization of Cx43 protein. B and C, Comparison of the percentage of Cx43-positive chondrocytes (n ¼ 5) and mRNA expression levels of Cx43 (n ¼ 3) detected by a real-time PCR
assay in rat TMJ cartilage between the control and experimental groups. Values are represented as the mean with lower and upper limits of 95% conﬁdence intervals (CI).
*P < 0.0001. 2W, 2-week group; 8W, 8-week group; Con, control group; Exp, experimental group.
J. Zhang et al. / Osteoarthritis and Cartilage 22 (2014) 822e830 825Cell surface protein isolation and Western blotting
ATDC5 cells were treated with and without 2-h FFSS at 16 dyn/
cm2 and incubated for 8, 48 and 72 h. After the incubation, the
surface proteins of ATDC5 were biotinylated and isolated using the
Cell Surface Protein Isolation Kit (Thermo Scientiﬁc, Rockford, IL,
USA). The total protein was obtained by lysing the cells. Total pro-
tein and isolated surface protein of ATDC5 cells were fractionated
by SDS-PAGE and transferred onto a nitrocellulose membrane. The
nitrocellulose sheet was blockedwith 5% nonfat milk and incubatedFig. 3. The synthesis and release of PGE2 were increased in the rat TMJ cartilage exposed to
COX-2 (n ¼ 3) and mPGES-1 (n ¼ 3) detected by a real-time PCR assay in rat TMJ cartilage
extracellular (n ¼ 4) and intracellular (n ¼ 4) PGE2 between the control and experimenta
mechanical stimulation and cultured for 72 h. The medium was collected for measurement
were used for detecting the intracellular PGE2 level via thoroughly washing and lysing pro
*P < 0.0001. 2W, 2-week group; 8W, 8-week group; Con, control group; Exp, experimentawith the Cx43-antibody (dilution 1:2000, Sigma). The blots were
developed using a horseradish peroxidaseeconjugated secondary
antibody (Zhong Shan Goldenbridge Biotechnology) and enhanced
chemiluminescence detection.
Statistical analysis
Values are presented as the mean and 95% conﬁdence intervals
(CI) (lower and upper limits). Statistical analysis was performed
using SPSS software, version 11.0 (SPSS). All data acquisition anddental mechanical stimulation. A and B, Comparison of the mRNA expression levels of
between the control and experimental groups. C and D, Comparison of the amount of
l groups. Chondrocytes were isolated from rat TMJ cartilage with and without dental
of the extracellular PGE2 using a PGE2 EIA kit (Cayman) and the cultured chondrocytes
cedures. Values are represented as the mean with lower and upper limits of 95% CI.
l group.
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Student’s t-test was used. For multiple comparisons of three groups
or more than three groups, one-way ANOVA followed by Bonfer-
roni’s post hoc test was used. The statistical signiﬁcancewas deﬁned
as P < 0.05.
Results
Histological changes in rat TMJ cartilage with dental mechanical
stimulation
In TMJ cartilage of control groups, four layers were typically
identiﬁed as the ﬁbrous, proliferative, prehypertrophic and hyper-
trophic layers [Fig. 1(B) and (C)]. In 2- and 8-week experimental
groups, OAelike lesions were observed in the cartilage, character-
ized as reduced number and size of chondrocytes, pyknotic nuclei,
irregularity of cellular arrangement, and cell free areas within the
cartilage [Fig. 1(C)], which were similar to lesion characteristics we
previously reported37,38.
Expression of Cx43, and the synthesis and release PGE2 were
increased in TMJ cartilage exposed to dental mechanical stimulation
In control groups, Cx43-positive cells could be observed in all
layers of TMJ cartilage, but were most obvious in the prehyper-
trophic layer and the superﬁcial zone of the hypertrophic layerFig. 4. The Cx43 hemichannels opened under the FFSS but closed after ﬂuid ﬂow withdrawa
rat chondrocytes (A and C) and ATDC5 cells (B and D) in contrast to the untreated control cel
The dye uptake capability was diminished when cells were tested after 8 h incubation follo
after withdrawal of the FFSS stimulation. n ¼ 3 for each experiment. Values are the mean w[Fig. 2(A)]. Although the size of chondrocytes was smaller than
their lacuna [Fig. 2(A)], this was merely an artifact as the dehy-
dration procedure induces chondrocyte shrinkage41.
Compared to age-matched controls, the percentage of Cx43-
positive cells was signiﬁcantly increased in the 8-week experi-
mental group whereas there was no difference at 2-week [Fig. 2(A)
and (B)]. However, the Cx43 mRNA expression was signiﬁcantly
increased in both the 2- and 8-week experimental groups vs their
age-matched controls [Fig. 2(C)].
Next, the mRNA expression of COX-2 and mPGES-1 were found
to be signiﬁcantly higher in TMJ cartilage from the 2- and 8-week
experimental groups compared to the age-matched controls
[Fig. 3(A) and (B)]. Furthermore, the amount of extracellular PGE2
was signiﬁcantly increased in both the 2- and 8-week experimental
groups [Fig. 3(C)], but the intracellular PGE2 was increased only at
8-week and not at 2-week [Fig. 3(D)].
Cx43 hemichannels opened under FFSS but closed after withdrawal
To assess the effect of FFSS on Cx43 hemichannels, dye uptake
assays were performed on primary rat chondrocytes [Fig. 4(A) and
(C)] and ATDC5 cells [Fig. 4(B) and (D)] at 0 and 8 h after 10 min
FFSS treatment at 16 dyn/cm2. The amount of LY uptake in primary
rat chondrocytes [Fig. 4(A) and (C)] or ATDC5 cells [Fig. 4(B) and
(D)] was signiﬁcantly increased at 0 h after the FFSS for 10 min,
indicating hemichannel opening. This increase of LY uptake wasl. Ten minutes of FFSS treatment at 16 dyn/cm2 stimulated the uptake of dye in primary
ls. This increased dye uptake was blocked by 18b-GA (A and C) or Cx43 siRNA (B and D).
wing the 10 min shear stress stimulation, indicating the closure of Cx43 hemichannels
ith lower and upper limits of 95% CI. *P < 0.0001. Con, control groups; FF, FFSS group.
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Cx43 siRNA [Fig. 4(B) and (D)]. Cx43 siRNA transfection in ATDC5
cells knocked down the expression of Cx43 at both the mRNA and
protein levels (Supplemental Fig. 1). However, the LY uptake was
completely reversed after 8 h incubation in the same solution post
10 min FFSS treatment, indicating that the Cx43 hemichannels
closed after the withdrawal of FFSS.The expression of Cx43, and the synthesis and release of PGE2 were
all increased upon FFSS
The mRNA expression of Cx43 in primary rat chondrocytes
[Fig. 5(A)] and ATDC5 cells [Fig. 5(H)] was increased immediately
after 2-h of FFSS. Although the increased Cx43 protein level was not
signiﬁcant according to the IOD value evaluated on ﬂuorescent
images observed under confocal microscopy [Fig. 5(B) and (C) for
primary rat chondrocytes, Fig. 5(I) and (J) for ADTC5 cells], there
was a redistribution of Cx43 from the cytosol to the plasma
membrane, making the polygonal cell body more visible compared
to those that did not receive shear stress treatment [Fig. 5(B) and
(I)]. Furthermore, the Cx43 signals close to the nuclei revealed by
ﬂuorescent staining were much regularly arranged after 2-h FFSS
stimulation [Fig. 5(B) and (I), lower panels] while cells without
stress stimulation demonstrated a more scattered Cx43 signalFig. 5. The expression of Cx43, and the synthesis and release of PGE2 were all increased
expression levels in primary rat chondrocytes (A, D and E) and ATDC5 cells (H, K and L) b
microscopy images showed the expression of Cx43 in primary rat chondrocytes (B) and ATDC
of IOD of Cx43 expression according to the confocal images. F and M: The amount of the rele
with/without Cx43 siRNA (M), under 2-h FFSS treatment in comparison with the blank con
PGE2 from primary rat chondrocytes with/without 18b-GA (G) or from ATDC5 cells with/wit
using a PGE2 EIA kit. All samples were prepared immediately after FFSS treatment. n ¼
*P < 0.0001. Con, control groups; FF, FFSS treatment group.pattern [Fig. 5(B) and (I), upper panels]. Combined, these data
indicated a redistribution of Cx43 induced by FFSS treatment.
The 2-h FFSS treatment increased the synthesis of PGE2 indi-
cated by enhanced mRNA expression of COX-2 and mPGES-1 in
both the primary rat chondrocytes [Fig. 5(D) and (E)] and ATDC5
cells [Fig. 5(K) and (L)]. In addition, FFSS increased the release of
PGE2, which could be signiﬁcantly inhibited by addition of the Cx
channel inhibitor 18 b-GA [Fig. 5(F)] or Cx43 siRNA [Fig. 5(M)]
although though the intracellular PGE2 level was still signiﬁcantly
upregulated compared to controls [Fig. 5(G) and (N)].The long-term effects of FFSS on the expression and distribution of
Cx43 protein in ATDC5 cells
At 8 h after 2-h FFSS treatment, the cell surface level, but not the
total level of Cx43 protein level was higher than those did not
receive stress stimulation, leading to an increased ratio of surface/
total Cx43 protein [Fig. 6(A)]. The Cx43 expression observed under
the confocal microscope was similar in the 8 h group compared to
cells ﬁxed immediately after FFSS as shown in Fig. 5(I). The differ-
ence in the ratio of surface/total Cx43 protein between the FFSS
treated group and the control was not signiﬁcant at 48 h after ﬂuid
ﬂow stress although both the total and cell surface expressed Cx43
protein levels were still higher [Fig. 6(B)] and the Cx43upon FFSS. A, D, E and H, K, L, Comparison of the Cx43, COX-2 and mPGES-1 mRNA
etween those treated with 2-h FFSS stimulation and those without. B and I, Confocal
5 cells (I) with (FF) and without (Con) 2-h FFSS treatment. C and J, Quantitative analysis
ased PGE2 from primary rat chondrocytes with/without 18b-GA (F) or from ATDC5 cells
trols (Con) determined using a PGE2 EIA kit. G and N: The amount of the intracellular
hout Cx43 siRNA (N), under 2-h FFSS treatment in comparison with the blank controls
3 for each experiment. Values are the mean with lower and upper limits of 95% CI.
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[Fig. 6(B)]. However, at 72 h after ﬂuid ﬂow stress, the total and cell
surface expressed Cx43 protein levels, the surface/total Cx43 ratio
[Fig. 6(C)] and the Cx43 immunoﬂuorescent signal intensity
returned to control levels [Fig. 6(C)].
Effects of different intensities of FFSS on the expression of Cx43, SOX-
9, collagen type II and aggrecan
ThemRNA expression level of Cx43 increased under shear stress
at all levels tested including 8, 16 and 24 dyn/cm2 (Supplemental
Fig. 2(A)). The mRNA expression of SRY (sex determining region
Y)-box 9 (SOX-9) was upregulated (Supplemental Fig. 2(B)) while
that of collagen type II (Supplemental Fig. 2(C)) was decreased at all
three levels. The mRNA expression of aggrecan was increased only
at the level of 8 dyn/cm2 and showed no signiﬁcant changes at
levels of 16 and 24 dyn/cm2 (Supplemental Fig. 2(D)).
Discussion
In the present study, we demonstrated that dental mechanical
stimulation increased not only Cx43 expression, but also the syn-
thesis and release of PGE2 in rat TMJ cartilage. Consistently, FFSS
treatment promoted the expression and membrane transferring of
Cx43 of primary rat chondrocytes and ATDC5 cells, and increased
the synthesis and release of PGE2. FFSS also induced an opening of
Cx43 hemichannels in chondrocytes evaluated by dye uptake and
PGE2 release, which could be blocked by 18b-GA or Cx43 siRNA.
Furthermore, the opening of Cx43 hemichannels, revealed by dye
uptake, closed when the mechanical loading was withdrawn,
indicating that the opening of Cx43 hemichannels required the
persistence of mechanical loading. However, the increased Cx43
expression and its membrane transferring induced by 2-h FFSS
treatment persisted until 48 h and returned to control levels at 72 h
post-treatment.
The present data indicated, as has been described in osteo-
cytes11,42, that Cx43 hemichannels play a role in exchanging small
molecules (e.g., PGE2) between chondrocytes and the extracellularFig. 6. The long-term effects of FFSS on the expression and distribution of Cx43 protein in
treated with and without 2-h shear stress at 16 dyn/cm2, and then tested with Western blot
are the mean with lower and upper limits of 95% CI. *P < 0.0001. Con, control groups; FF,matrix in response to mechanical stimulation. As Cx43 expression
and membrane localization were reported as chronic responses to
mechanical stimulation43, the dental loading conditions presented
here appear to take on the characteristics of chronic biomechanical
effects on TMJ cartilage. In osteocytes under shear stress, the
intracellular PGE2 did not increase when Cx43 hemichannels were
inhibited. Unlike the osteocytes, however, the intracellular level of
PGE2was higher in primary rat chondrocytes and ATDC5 cells when
Cx43 hemichannels activity was blocked with 18b-GA or Cx43
siRNA. Besides the possible inﬂuences from the cell type differ-
ences, one of the potential reasons for this discrepancy could be
that the Cx43 hemichannels are the principal pathway for the
release of PGE2 from chondrocytes, which means that when the
hemichannels are blocked, there is no outlet for PGE2 release in
chondrocytes. Another difference between the data presented here
and that from osteocytes regards the expression level of Cx43 after
FFSS withdrawal. In this study, expression level of Cx43 persisted in
the ATDC5 cells at a higher level 48 h after withdrawal of FFSS
stimulation, which was greater than the 24 h reported in the os-
teocytes although that study did not look at any longer time
points10. The data in chondrocytes suggested that the reduction of
the Cx43 expression in chondrocyte lagged behind the closing of
Cx43 hemichannels, which was not the case in osteocytes43. The
earlier recovery of Cx43 expression and redistribution in osteocytes
was explained as a potential feedback inhibition of biosynthesis by
the substrate11, while in chondrocytes, the effect of this potential
inhibition mechanism seemed weak. In other words, the current
chondrocyte response to the present chronic mechanical loading,
i.e., the increased Cx43 hemichannel activity, is recognized as a
principle component of the biomolecular communication between
chondrocytes and the cartilage matrix.
In the current work, we also detected the effects of different
intensities of FFSS on the mRNA expression levels of SOX-9,
aggrecan and type II collagen in ATDC5 cells. We demonstrated a
consistent increase of SOX-9, and a temporary increase of aggrecan
but a decrease of collagen type II at the mRNA level. These results
are in accordance with what were reported in the literature, which
showed that the expression of SOX-9, collagen type II and aggrecanATDC5 cells. ATDC5 cells were incubated for 8 h (A), 48 h (B) and 72 h (C) after being
ting assays or observed under a confocal microscope. n ¼ 3 for each experiment. Values
FFSS treatment group.
J. Zhang et al. / Osteoarthritis and Cartilage 22 (2014) 822e830 829changed in response to mechanical loading44e47. In the in vitro
experiments of this study, we chose FFSS stimulation because the
incisal movement was disturbed by the aberrant prosthesis applied
in our rodent model with TMJ OA-like lesions37e39. It has been
reported that both articular chondrocyte metabolism and extra-
cellular matrix integrity-associated biological factors are directly
modulated by ﬂuid ﬂow shear forces that act on the cells through
mechanotransduction processes1. Studies have shown that the
shear stress increased the expression of osteoarthritic markers in
chondrocytes, such as PGE2, IL-6, and nitric oxide, which promoted
glycosaminoglycan synthesis1,17. Similarly, mechanical compression
was also reported to be capable of increasing the production of
PGE2 and nitric oxide in cartilage18. Both the shear- and
compression-stimulation were reported to induce chondrocyte
transcription via the mitogen-activated protein kinases (MAPK)
pathway18,46. Based on previous reports, PGE2 has a positive impact
on the expression of SOX-948 but a negative impact on cartilage
matrix proteins including aggrecan and collagen type II26,49.
However, our results indicated a catabolic effect of the increased
release of PGE2 through the Cx43 hemichannels.
In summary, the present study provides evidence that Cx43
hemichannels play an important role in chondrocyte mechano-
transduction. The function of Cx43 hemichannels is likely to offer
a general mechanism for the rapid exit of small molecules such as
PGE2 when stimulated mechanically. As such, it provides a solu-
tion to the initial event of mechanically induced degradation of
cartilage because PGE2, as reported in literature, is involved in the
catabolic metabolism of chondrocytes during the progression
of OA50.
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